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Abstract 
In order to improve a naturally aspirated (NA) Compression Ignition (CI) engine operating on biodiesel fuel, this research proposes a 
Guide Vane Swirl and Tumble Device (GVSTD) inside the intake runner of a HINO W04D diesel engine to improve the in-cylinder air 
flow characteristic as an alternative solution to supplement existing techniques. When the air intake was guided in front of the intake port, 
organized turbulent air was generated, consequently assisting the fuel to evaporate and mix to produce better combustion and eventually 
produce better performance. To examine the effectiveness of the GVSTD, a 3D IC engine simulation model was developed. Additionally, 
this paper also investigates the optimal vane height of GVSTD of four vanes which twist at 35° clockwise direction and are arranged 
perpendicular to each other with the length of the vanes three times that of the intake radius. Ten simulation models of the GVSTD, where 
the vane height varied from 10% to 100% of the intake radius were prepared. The simulation results of in-cylinder pressure, turbulence 
kinetic energy and velocity of the base and all GVSTD models were then compared. The results illustrate a promising improvement of the 
in-cylinder air flow characteristics inside the fuel injected region by utilizing 20% vane height compared to standard model. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature 
CI compression ignition 
GVSTD  guide vane swirl and tumble device 
SOI start of injection 
TKE turbulence kinetic energy 
NA naturally aspirated 
TDC top dead center 
bTDC before top dead center 
1. Introduction 
The properties of biodiesel fuel are found to be similar to the properties of conventional diesel fuel (Basha et al., 2009). 
Therefore it can directly be used in a compression ignition (CI) engine with no or minor modifications (Idris Saad and Bari, 
2011). Hence many researchers attempt to utilize this advantage. Among them, Celikten et al., (2010) compared CI engine 
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performance fuelled with diesel, rapeseed and soybean fuels. The tests were conducted by using hydraulic dynamometer to 
the 4-cylinder direct injection CI engine. They found that, at standard injection pressure the engine fuelled by rapeseed and 
soybean experience a reduction of maximum power and torque of 1.0 kW and 2.1 N.m respectively compared to diesel. 
Additionally the fuel consumption of rapeseed and soybean were also reported to increase from diesel by about 29 g/kWh 
and 47 g/kWh, respectively. To improve these, they increased the fuel injection pressure up to 350 bar from the standard 250 
bar. However, the performance of engine fuelled by rapeseed and soybean were still below the performance of engine 
fuelled by diesel even though they were improved from the previous tests. Although the CI engine was running on biodiesel, 
its performance was below the conventional diesel. This research is one of many examples (Bari et al., 2002a; Bari et al., 
2004) which portray the colours of CI engine running with biodiesel fuel. Hence a conclusion can be made that none of the 
researchers provide the solution to solve many problems associated with CI engine running with biodiesel fuel. 
These problems are mainly due to the inferior chemical properties of biodiesel compared to the conventional diesel fuel. 
The viscosity and density of biodiesel were reported to be higher and volatility lower than diesel fuel (Agarwal, 2007; 
Candeia et al., 2009; Idris Saad and Bari, 2011; Jaichandar and Annamalai; Rizalman Mamat et al., 2009) which lead to the 
incomplete combustion and this eventually produces lower engine performance and affects the durability of the engine  
(Bari, 2004; Bari et al., 2002b). This is one of the reasons why a CI engine running with biodiesel fuel suffers from such 
negative viewpoints. The researches in this area are focused to improve the properties of biodiesel by using additives (Moser, 
2008), pre-heating the fuel to level its viscosity to that of diesel (Pugazhvadivu and Jeyachandran, 2005) and adjusting the 
injection timing (Ye and Boehman, 2012). Instead of duplicating what has been done, this paper investigates the capability 
of Guide Vane Swirl and Tumble Device (GVSTD) to improve the in-cylinder air characteristics to eventually improve 
evaporation, mixing and combustion process to improve the engine performance.  
Previous study (Idris Saad and Bari, 2011) shows that the GVSTD possess high potential to improve the in-cylinder air 
characteristics when the results from the simulations were analysed. The GVSTD design of simulation model is comprised 
of four main parameters; vane height, vane angle, vane number and vane length. To capitalize on the previous study, this 
paper presents additional detailed study about the effect of vane height to generate better in-cylinder air characteristics. Ten 
GVSTD models were developed with its vane heights varying equally by 10% to 100% from radius of intake runner. Hence, 
it will provide better analyses and discussions in terms of optimization of the vane height.  
Simulation results of the in-cylinder pressure, Turbulent Kinetic Energy (TKE) and velocity before the start of injection 
(SOI) until the part of expansion process were presented, compared and discussed before the optimum vane height to the 
35° twist angle, four vane arrange perpendicular to each other with length three time that of the radius of intake runner was 
decided. The main contribution of this paper is that a lower vane height will provide better in-cylinder air flow 
characteristics rather than higher vane height which give more resistance to the flow instead of generating more swirl and 
tumble. 
2. Methodology 
A computer simulation of 3D cold flow fluid dynamic was used in this research to study the in-cylinder air flow 
characteristics generated by GVSTD. The proses of simulation included developing simulation models, performing the 
meshing to the model before setting up the boundary condition and running the simulation. The model was a duplicate from 
the naturally aspirated (NA) CI generator engine made by HINO with model of W04D running constantly at 1500 rpm. The 
engine data and simulation model is given in Table 1a. 
 
                         Table 1. (a) Technical specification of engine model – HINO W04D; (b) Specification of GVSTD models. 
 
(a)  (b) 
Engine Parameters Value  GVSTD Parameters Value 
Bore × Stroke 104 × 108 mm  Number of Vanes (N) 4 vanes 90° to each other 
Compression Ratio 17.9  Vane Twist Angle ( ) 35° Clockwise 
Intake System Naturally Aspirated  Intake Runner Radius (R) 10 mm 
Piston Head Bowl with Cone 
 
 
Length of Vane (l) 3R 
Start of Injection 14°bTDC  Height of Vanes (H) 
0.10R, 0.20R, 0.30R, 0.40R, 0.50R 
0.60R, 0.70R, 0.80R, 0.90R, 1.00R 
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As for preparing the simulation model, SolidWorks 2010 was utilised to draw the six components of the model; intake 
runner; intake port; intake valve; cylinder; exhaust valve and exhaust port. These components were then assembled together 
before being transferred into the ANSYS-DesignModeller 14 to assign its material to their domains. Both valves were 
assigned as solid parts such as the real component while others components were the fluids domains from the actual parts. 
That model is identified as the base model and denoted as 0.00R and illustrated in Fig.1a. The GVSTD models were then 
developed based on the specifications given in Table 1b and imposed in front of the intake port as shown in Fig.1b. 
The cylinder of the engine simulation needed to run as moving mesh to replicate the motion of a piston as in a real 
engine, hence the model required a very fine mesh to perform this action. Therefore, the meshing for the entire model was 
included as a “refinement option” to ensure that all the tetrahedron elements are adequate especially on the surface of the 
cylinder wall.  
The transient simulation was tested up to two cycles by using ANSYS-CFX 14. The continuity, momentum and energy 
equations used to compute this simulation and can be found in the ANSYS Solver Theory Guide (ANSYS INC, 2009). The 
initial condition of velocity, pressure and temperature were 0 m/s, 1 atm and 300 K respectively. In order to satisfy the 
discrete equations, the convergence criteria were set at 1× 10-4 and the maximum coefficient loop was 500. However, the 
computation for each time step converged at approximately 15 coefficient loops. 
 
 
Fig.1. (a) Simulation model (0.00R); (b) Sample design of GVSTD and it assembly to the model. 
3. Results and discussions 
In order to study the characteristics of the in-cylinder air flow, the results of in-cylinder pressure, TKE and the velocity 
were presented. These parameters were observed from 5°CA before SOI until 5°CA after top dead center (TDC). Based on 
Table 1a, SOI was set at 14°CA bTDC, hence the range of data will cover from 341°CA to 365°CA. This condition is vital 
since the main objective of imposing GVSTD is to generate better in-cylinder air flow characteristics to stimulate the 
atomization, evaporation and mixing processes by mean reducing the penetration and expanding the cone angle of injected 
fuel core and breaking-up the molecular chain of the fuel atoms (Heywood, 1988). Therefore those data were presented and 
discussed below. 
3.1. In-cylinder pressure 
The in-cylinder pressure will play an important role to improve the combustion efficiency. Higher in-cylinder pressure 
will reduce the fuel penetration during injection and expand the cone angle which is needed for higher viscous biodiesel. To 
analyze the in-cylinder pressure developed by GVSTD compared to the 0.00R, the curve of maximum pressure for all 
models is presented in Fig 2.  Figure shows that the variation of in-cylinder pressure is not in order with the variation of 
vane height. This pattern of inconsistency was also found by Miles (2000) when swirl ratio were varied to 1.5, 2.5 and 3.5 
on high-speed direct injection diesel engine by throttling low, medium and high helical intake port, respectively. Their result 
of in-cylinder pressure from Ricardo optical research engine was dominated by low throttling, followed by high throttling 
and medium throttling (Miles, 2000). Similarly, this research also found that GVSTD 0.20R which only have 2 mm of vane 
height produces the highest in-cylinder pressure. Furthermore, this 0.20R is the only model to generate in-cylinder pressure 
higher than 0.00R. With this result, higher in-cylinder pressure will definitely give more resistance to the injected fuel and 
reduce the penetration length as well as expanding the cone angle as required by biodiesel fuel (Heywood, 1988) to improve 
the combustion.   
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The other models did not produce higher in-cylinder pressure than 0.00R; because higher vane heights gave more 
resistance in terms of friction to the air flow. This resistance reduced the ability of the air to enter the cylinder, consequently 
reducing its volumetric efficiency and also reducing the generated pressure with the same compression. However, the 
maximum reduction of highest in-cylinder pressure of about 2.8 % from 0.00R occurred with GVSTD 0.70R. According to 
Heywood (1988) CI engine normally runs with excess air, therefore with 2.8 % maximum reduction which considerably low 
as the pressure is almost 50 bar, it is believed that all the GVSTD models can still provide enough air to ensure sufficient 
combustion.  
 
 
Fig.2. Curve of maximum in-cylinder pressure from 341°CA to 365°CA for various models. 
3.2. In-cylinder TKE 
TKE is the mean kinetic energy associated with eddies in turbulent flow per unit mass (White, 2011). Hence, higher in-
cylinder TKE will provide more energy of eddies which can be used in the breaking-up of chains of fuel molecules. Figure 3 
presents the curves of maximum TKE for all models as compared to 0.00R. 
  
 
Fig.3. Curve of maximum in-cylinder TKE from 341°CA to 365°CA for various models. 
Based on Fig. 3, the maximum in-cylinder TKE almost linearly declines in this range of study toward the end. Research 
made by Payri et al., (2004) also shows similar pattern as they investigate the in-cylinder flow for direct injection diesel 
engine by using simulation with PISO algorithm. To justify their finding, laser Doppler Velocimetry was used to capture the 
image in the experiment. They found that both results were in an appropriate agreement (Payri et al., 2004). Not only that, 
Prasad et al., (2011) also presented similar shape of the in-cylinder TKE. Their research compared the swirl generated from 
various shapes of piston bowls. AVL Fire software was used to determine the in-cylinder air flow characteristic (Prasad et 
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al., 2011). Therefore, the finding in this research does not conflict with other researchers as the pattern of TKE is similar 
with both the simulations and experiments performed by others.  
In terms of generating higher TKE, GVSTD 0.90R dominate the result until 356°CA before GVSTD 0.80R take over 
after that. Generally, five GVSTD models including GVSTD 0.20R provide better TKE before TDC, however only three of 
them can sustain until 365°CA. Unlike the in-cylinder pressure, a higher vane height will produce better TKE as the results 
show for GVSTD 0.60R, 0.80R and 0.90R. It does not mean that the lower vane height cannot produce higher TKE than 
without GVSTD, but it is not high enough to sustain a TKE better than 0.00R until the expansion process as witnesses by 
GVSTD 0.10R and 0.20R in Fig 3. Therefore, GVSTD is successful to generate better TKE than the standard model. 
3.3. In-cylinder velocity 
After the injected fuel reduces its penetration length and expands its cone angle by higher in-cylinder pressure and breaks 
up the molecule chains by higher TKE, it is time to investigate the velocity of in-cylinder air to induce the mixing process. 
As such, Fig 4 illustrates the behavior of in-cylinder velocity for all models.     
 
Fig. 4. Curve of maximum in-cylinder velocity from 341°CA to 365°CA for various models. 
As illustrated in Fig 4, all GVSTD models provide higher in-cylinder velocity than 0.00R until 347°CA. However the 
results of GVSTD 0.60R and 0.80R have better results than 0.00R for the whole range of analysis. The dome shape of 
velocity curve occurs before TDC because when the piston is compressing the air, it will enhance the velocity but when 
piston keeps moving, it reduces the available cylinder volume for the air to move. After that, piston is moving toward BDC 
and it increases the cylinder volume thus allowing the fluid to move again. The significant results of increasing the in-
cylinder velocity by GVSTD in this study will definitely help the mixing processes and improve the performance of NA CI 
engine operating on biodiesel fuel.   
3.3. Selection of GVSTD model 
GVSTD 0.90R generated the best result of TKE and better velocity than GVSTD 0.00R until TDC but its in-cylinder 
pressure is below GVSTD 0.00R. As for GVSTD 0.60R and 0.80R, their results for TKE and velocity are above GVSTD 
0.00R. However, their results for pressure are not greater than GVSTD 0.00R. The only model which improves all in-
cylinder parameters is the GVSTD 0.20R. With a relatively small vane, the GVSTD 0.20R is capable of increasing the in-
cylinder pressure, TKE and velocity. Therefore, this study admits that the best GVSTD to provide better in-cylinder air flow 
characteristics so far is the GVSTD 0.20R. These improvements conform to the requirement of improving the mixing 
process of NA CI engine which is needed to improve the engine performance (Heywood, 1988). Therefore, the modification 
to the NA CI engine by using GVSTD 0.20R will help solving or reducing the problems mentioned above when fuelled by 
biodiesel fuel especially when combined with existing techniques.  
4. Conclusions 
Based on the weaknesses from the results from the current techniques used to improve the air-fuel mixing process in NA 
CI engine running on biodiesel fuel by researchers worldwide, this paper presented the technique to improve it is by using 
GVSTD. To prove the capability of this technique, ten GVSTD simulation models with various vane heights were 
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developed and their results were compared with the simulation model without GVSTD. After the results of in-cylinder 
pressure, TKE and velocity were presented and discussed, this study found that the best GVSTD model is the one having 
20% of vane height to the intake radius, 35° twist angle, four vane 90° to each other and three times length of the intake 
radius. With this configuration, all three in-cylinder parameters discussed above were improved. Therefore, this research 
believes by using GVSTD 0.20R, the performance of NA CI engine using biodiesel as a fuel can be increased especially 
when combined with other techniques performed by other researchers.   
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